The cRNA promoter of Thogoto virus, a tick-borne orthomyxovirus, was investigated using an in vitro polymerase assay based on purified viral cores and synthetic oligoribonucleotides corresponding to the 3h and 5h ends of cRNA. In vitro polymerase activity relied on an interaction between the 3h and 5h ends of cRNA and was ApG primer-dependent. Mutational analysis of the promoter showed that interstrand base-pairing of residues 11 and 12 of the 3h promoter arm with residues 10 and 11 of the 5h promoter arm, respectively, was essential for polymerase activity. These data provide the first clear evidence for a cRNA panhandle in an orthomyxovirus. No evidence was obtained for the presence of a 5h or 3h hook structure in the cRNA promoter, and transcription could not be primed with rabbit globin mRNA or synthetic cap analogues. This demonstrates that cap snatching activity relies on the presence of the vRNA terminal sequences.
The cRNA promoter of Thogoto virus, a tick-borne orthomyxovirus, was investigated using an in vitro polymerase assay based on purified viral cores and synthetic oligoribonucleotides corresponding to the 3h and 5h ends of cRNA. In vitro polymerase activity relied on an interaction between the 3h and 5h ends of cRNA and was ApG primer-dependent. Mutational analysis of the promoter showed that interstrand base-pairing of residues 11 and 12 of the 3h promoter arm with residues 10 and 11 of the 5h promoter arm, respectively, was essential for polymerase activity. These data provide the first clear evidence for a cRNA panhandle in an orthomyxovirus. No evidence was obtained for the presence of a 5h or 3h hook structure in the cRNA promoter, and transcription could not be primed with rabbit globin mRNA or synthetic cap analogues. This demonstrates that cap snatching activity relies on the presence of the vRNA terminal sequences.
Although Thogoto virus (THOV) is an arbovirus, transmitted by ticks to vertebrates, it is classified in the family
Orthomyxoviridae within a new genus, Thogotovirus (Pringle, 1996) . The virus possesses a genome consisting of six negativesense, single-stranded RNA segments and is structurally and genetically similar to influenza viruses (Clerx et al., 1983) . The gene products of THOV RNA segments 1, 2, 3 and 5 are related to influenza virus polymerase proteins PB2, PB1, PA and nucleocapsid protein respectively Weber et al., 1996) . Each segment possesses conserved regions of semi-complementary nucleotides at the 3h and 5h termini which strongly resemble those of influenza viruses (Leahy et al., 1997 c) . As is the case for influenza virus, THOV virion RNA (vRNA) is used as the template for the synthesis of two RNA species : messenger RNA (mRNA) and complementary RNA Author for correspondence : Patricia A. Nuttall.
Fax j44 1865 559962. e-mail pan!mail.nerc-oxford.ac.uk (cRNA). mRNA synthesis is primed by host derived cap structures and the resulting molecules are truncated and polyadenylated (Albo et al., 1996 ; Weber et al., 1996 ; . cRNA molecules are complete, uncapped copies of vRNA which are used as templates in vRNA synthesis.
It was recently shown that in vitro transcription from vRNA relies on an interaction between its 3h and 5h termini, and is primer-dependent . To investigate the requirements for in vitro polymerase activity of the THOV cRNA promoter and compare cRNA with vRNA promoter activity, short model RNA molecules were synthesized as described in , corresponding to the 3h-terminal 15 nucleotides (nt) and 5h-terminal 14 nt of cRNA. These were added individually, or mixed together, to purified viral cores in the presence or absence of primer in experiments similar to those done previously . A product comigrating with a 15 nt marker was obtained in the presence of ApG and both 3h and 5h promoter arms (Fig. 1, lane  5) . This product was of the expected size : 1 nt longer than that obtained in the presence of the vRNA promoter arms ( 0001-5140 # 1998 SGM EFH lane 1), because the 3h cRNA template is 1 nt longer than the 3h vRNA template. cRNA promoter activity was lower than that obtained with the vRNA promoter as previously reported for influenza virus (Parvin et al., 1989 ; Seong & Brownlee, 1992) . No transcription product was obtained when ApG primer was omitted from the reaction (Fig. 1, lane 2) , or when one of the promoter arms was omitted (Fig. 1, lanes 3 and 4) . These results show that cRNA promoter activity is primerdependent and relies on an interaction between the 3h and 5h termini of cRNA. Priming with either globin mRNA (Fig. 1 , lane 6) or m(GpppA (Fig. 1, lane 7) did not stimulate transcription, in contrast to vRNA transcription . The same results were obtained when the reactions were primed with m(GpppG or m(GpppGm (data not shown), indicating that cap snatching activity relies on the presence of the vRNA terminal sequences. This agrees with observations in influenza virus that only vRNA (which is not capped or polyadenylated) is synthesized from cRNA (Hay et al., 1982 ; Beaton & Krug, 1984 ; Krug et al., 1989) .
The THOV vRNA promoter comprises a double-stranded region in which residues 10, 11 (and probably 12-14) of the 3h promoter arm form interstrand base-pairs with residues 11, 12 (and probably 13-15) of the 5h promoter arm (Leahy et al., 1997 c) . Base-pairing of the residues at positions 1-9 of the 3h promoter arm with residues 1-10 of the 5h promoter arm, respectively, are not required for promoter activity. Thus, vRNA molecules adopt a forked panhandle structure. A 5h hook structure vital for vRNA promoter activity was demonstrated by intrastrand base-pairing of the guanine residue at position 2 with the cytosine at position 9, and the adenine at position 3 with the uracil residue at position 8 of the 5h promoter arm, whilst no conclusive evidence for a hook in the 3h promoter arm was obtained. This model is consistent with independent computer predictions of the vRNA promoter structure of THOV . The THOV cores were able to transcribe influenza A virus (FLUA)-like promoters, as well as hybrid THOV\FLUA-like promoters, emphasizing the structural similarities between the vRNA promoters of these two orthomyxoviruses (Leahy et al., 1997 c) . For the cRNA promoter, a forked panhandle model can also be envisaged. First, as cRNA is the inverted complement of vRNA, the cRNA promoter is likely to resemble the vRNA promoter. Second, if the THOV cRNA promoter resembles that of FLUA, as is the case for the vRNA promoter, it would adopt a forked panhandle . Because the 5h and 3h ends of cRNA correspond to the 3h and 5h ends of vRNA, respectively, the vRNA and cRNA promoter models are inverted. This cRNA promoter model (Fig. 2 a, WT) was tested by mutational analysis of a number of specific residues. Mutations were introduced that would destroy potential base-pairing and thus significantly reduce or abolish promoter activity. Subsequently, potential base-pair-restoring mutations were introduced in the opposite promoter arm (to look for interstrand base-pairing) or in the same promoter arm (to look for intrastrand base-pairing) that would rescue promoter activity if the base-pairing were genuine.
To test interstrand base-pairing, residues 10 or 11 of the 5h promoter arm were mutated and rescue of activity was attempted with potential base-pair-restoring mutations at positions 11 or 12, respectively, of the 3h promoter arm (Fig.  2 a, mutants 1-4) . The results show that mutations of residues 10 and 11 of the 5h promoter arm abolished promoter activity (Fig. 2 b, lanes 1 and 2) . Both base-pair-restoring mutations of nt 11 and 12 of the 3h promoter arm substantially rescued promoter activity (Fig. 2 b, lanes 3 and 4) . These data fully support the cRNA panhandle model and are consistent with data published for the FLUA cRNA promoter .
A 5h hook structure in the cRNA promoter is unlikely as only a single base-pair between residues 2 and 9 of the 5h promoter arm can potentially form (Fig. 2 a, WT) . To test this possibility, residue 2 of the 5h promoter arm was mutated and rescue of activity attempted with a base-pair-restoring mutation of residue 9 of the same promoter arm (Fig. 2 a, mutants 5 and 6). The results show that neither mutation had a pronounced effect on promoter activity (Fig. 2 b , lanes 5 and 6) indicating that interactions between these two nucleotides are not important for cRNA promoter activity. We also mutated nt 8 to a G residue so that a 5h hook structure with two base-pairs could potentially form (Fig. 2 a, mutant 7) ; surprisingly, this substantially reduced promoter activity (Fig. 2 b, lane 7) . Taken together, these data clearly do not support the presence of a 5h hook in the THOV cRNA promoter.
The presence of a 3h hook structure in the cRNA promoter is more likely as two base-pairs can potentially form between residues 2 and 9, and 3 and 8 of the 3h promoter arm, respectively (Fig. 2 a, WT) . To investigate this, residue 3 was mutated and rescue was attempted with a base-pair-restoring mutation of residue 8 (Fig. 2 a, mutants 8 and 9) ; surprisingly, mutation of residue 3 did not greatly reduce promoter activity (Fig. 2 b, lane 8 ) and no rescue of activity was observed by the base-pair-restoring mutation at position 8 (Fig. 2 b, lane 9) . This suggests that interactions between these two nucleotides are not important for cRNA promoter activity. By comparison, in the vRNA promoter destruction of the second base-pair in the 5h hook virtually abolished activity, which was rescued to 70 % by its base-pair-restoring mutation (Leahy et al., 1997 c) . Contrary to residue 3, mutation of residue 2 of the 3h promoter arm fully abolished promoter activity, even though complementary dinucleotide primers were used. Activity could not be rescued with a base-pair-restoring mutation at position 9 (data not shown), a result that neither proves nor disproves the importance of base-pairing between these residues. In fact, the same results were obtained for the 3h promoter arm of vRNA with mutations involving residue 2 (Leahy et al., 1997 c) . It appears that residue 2 is highly sensitive to mutation, possibly as a result of a specific binding interaction with the enzyme complex. Collectively, the data indicate that there is no hook Fig. 2 . In vitro polymerase activity of the cRNA promoter and various mutants thereof. (a) Models of the cRNA promoter and mutants thereof structure in the 3h promoter arm, unless it can be maintained by a single base-pair between residues 2 and 9 ; therefore the hook structure predicted by sequence analysis is not supported by experimental data. The data presented in this paper provide the first clear evidence for a cRNA panhandle in an orthomyxovirus. Although there is indirect evidence for a cRNA panhandle in FLUA , this structure does not appear obligatory for promoter activity, largely because the cRNA 3h promoter arms alone are competent transcription templates. In the transcription assay described here, both cRNA termini were always required. No activity was evident when the 3h template promoter arm alone was added to a transcription reaction (Fig. 1) . One explanation for this apparent difference between THOV and FLUA is that fragments of vRNA are known to contaminate influenza virus core preparations Pritlove et al., 1995) , whereas THOV purified cores contain little or no endogenous RNA . Interactions with such contaminating 5h molecules or fragments of cRNA transcribed from contaminating vRNA may have provided the FLUA panhandle structures.
The vRNA panhandle is considered important for influenza virus mRNA production but not necessarily so for cRNA synthesis (Hagen et al., 1994 ; Fodor et al., 1994) . The influenza virus vRNA panhandle is also involved in polyadenylation (Luo et al., 1991) . Hsu et al. (1987) observed a correlation between mRNA production and the proportion of vRNA molecules found in a panhandle configuration in infected cells. Thus, the influenza virus panhandle structure offered an explanation for the switching of influenza virus endonuclease and polyadenylation activities. Our results show that a panhandle structure is required for both cRNA and vRNA promoter activity in THOV. It is unlikely, therefore, that the panhandle switching hypothesis explains the regulation of THOV polyadenylation or endonuclease activities. Whilst the THOV cRNA promoter resembles the vRNA promoter, a notable difference is the lack of the 5h hook structure adopted by the THOV vRNA terminal nucleotides (Leahy et al., 1997 c) .
The absence of such a hook structure in THOV cRNA is shown by the tolerance of mutations in nucleotide 2 of the 5h promoter arm and the inability to stimulate activity using a rescue mutation at position 9 (Fig. 2) . The 5h hook structure, which is present in THOV vRNA but not cRNA, may therefore constitute a switching mechanism for THOV cap snatching, or a component thereof. Experiments are in progress to address this hypothesis.
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with relative transcription activities indicated. Mutations are underlined and in italics ; potential base pairing is indicated by (-) . (b) In vitro transcription reactions of the cRNA promoter and mutants thereof. Lane numbers correspond to mutant numbers in (a).
